Abstract Recent studies showed that respiratory rhythm generation depends on oscillators located in the pre-Bötzinger complex (pre-BötC) and the parafacial respiratory group (pFRG). To study inhibitory synaptic interactions between these two oscillators, we developed a rostrally tilted transversal slice preparation, which preserves these regions. The onset of rhythmic mass activity in the retrotrapezoid nucleus (RTN)/ pFRG preceded that of the pre-BötC. Blockade of glycinergic and gamma-aminobutyric acidic inhibition synchronized preBötC and RTN/pFRG activity and significantly increased preBötC burst frequency, amplitude, and duration. Population imaging revealed recruitment of inspiratory-like neurones, while expiratory-like neurones lost their phasic activity. The reconfiguration after disinhibition reveals: (1) synaptic inhibition of the pre-BötC arising from the RTN/pFRG, (2) excitatory drive from the RTN/pFRG that triggers the preBötC burst. Our findings support the view that these synaptic interactions in vitro relate to the initiation of the inspiratory phase or to the steering of the expiratory-inspiratory phase transition in vivo.
Introduction
Numerous studies and reviews have addressed the question of how the mammalian respiratory rhythm and motor pattern is generated, modulated, and transmitted to the respiratory muscles [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Despite the growing knowledge in this field the models for respiratory rhythm generation are still being discussed controversially [17] [18] [19] .
The respiratory network undergoes maturational changes during the postnatal period. One hypothesis suggests that in particular synaptic inhibition becomes more important for respiratory rhythm generation during ontogeny [9, 10, 20, 21] . Nevertheless, synaptic inhibition is required from birth on to generate a physiological threephase motor pattern [22] . The generation of this threephase motor pattern of breathing (inspiration, postinspiration and late expiration) requires the functional and structural integrity of a pontomedullary respiratory network [3, 4, 14, 15, 23, 24] . Nevertheless, the network can be separated anatomically and functionally into compartments. Apparently, distinct compartments serve different functions in the generation and modulation of the respiratory rhythm and motor pattern. Pontine areas such as the Kölliker-Fuse (KF), intertrigeminal, and A5 region have strong modulatory influences on the respiratory motor pattern and contribute essentially to the generation of the eupnoeic motor pattern, while the primary rhythmgenerating circuits are located in the medulla oblongata. In particular, the medullary regions of the respiratory network such as the pre-Bötzinger complex (pre-BötC) can be separated from the network and maintain their rhythmic activity under in vitro conditions. Consequently, the preBötC was considered the rhythmogenic kernel of the network which initiates the respiratory rhythm [2, 25, 26] . Over the years, this view was further developed [13] . A pioneer study of Onimaru and Homma [27] in 2003 demonstrated, in the en bloc brainstem-spinal cord preparation of newborn rats for the first time, that rhythmic activity of the parafacial respiratory group (pFRG, in adult rats this region corresponds to the retrotrapezoid nucleus, RTN) might trigger the rhythm of the pre-BötC. This initial finding gave rise to the current hypothesis that the respiratory rhythm is generated by oscillations between two rhythmogenic kernels involving the pre-BötC and the RTN/pFRG [28] [29] [30] . Thereby, the pre-BötC produces the inspiratory phase because its activity correlates either with the inspiratory hypoglossal [26] or phrenic nerve motor output [31, 32] , whereas the RTN/pFRG generates predominantly preinspiratory [13, 27] or expiratory [29] bursts. Because neuronal oscillations classically require synaptic inhibition, glycinergic and/or gamma-aminobutyric acid (GABA)ergic connections could be involved in the coupling of the rhythmgenerating circuits between pre-BötC and RTN/pFRG.
To address the relevance of synaptic inhibition for the generation of in vitro respiratory activities, we developed a rostrally tilted transversal slice preparation of neonatal rat brainstem containing the pre-BötC, the RTN/pFRG, and the pontine regions of the respiratory network. Compared to the tilted sagittal slice preparation which was previously used to study rhythmogenesis [20, 33] , the novel slice preparation introduced in the present study preserves the bilaterally distributed respiratory network in both hemispheres and its interconnectivity. Recent advances in technology made it possible to image population activity at single-cell resolution while simultaneously recording rhythmic mass activity [33, 34] . In this study, we show that distinct rhythms are recordable in the rostrally tilted slice preparation. The rhythmic activity arising from the RTN/ pFRG preceded the rhythm of the pre-BötC. Blockade of inhibitory neurotransmission after bath application of strychnine and bicuculline resulted in an increased burst frequency, amplitude, and duration of the integrated preBötC mass activity. The lengthening of the pre-BötC burst was based on a synchronization of the pre-BötC rhythm to the preinspiratory activity of the RTN/pFRG. Our imaging approach in the tilted transversal slice preparation revealed putative underlying mechanisms on the cellular level. Recruitment of additional inspiratory neurones and a loss of respiratory-correlated activity in expiratory neurones were observed.
Materials and methods

Preparation
Rhythmically active slices were prepared from neonatal Sprague-Dawley rats (postnatal day 5-8, either sex). Rats were deeply anesthetized with isoflurane, decapitated, and the brain was rapidly removed and transferred to ice-cold artificial cerebrospinal fluid (ACSF) with a lowered calcium concentration (0.75 mM). The pia mater was removed; the isolated brainstem was glued on an agarose block, and a transverse 700-μm slice containing the preBötC was cut with a vibroslicer (752 M, Campden Instruments) at an angle of 47°. To cut the novel slice preparation that contains the pre-BötC, the RTN/pFRG, and more rostral parts of the respiratory network including pontine areas (Fig. 1) , we used the area postrema and the caudal border of the inferior colliculus as main landmarks. The initial cut was performed at two thirds of the distance between area postrema and inferior colliculus in order to expose the pre-BötC. The second cut was performed 700 μm rostral in order to maintain brainstem areas rostral to the pre-BötC. The slice was transferred to ACSF (30°C, 95% O 2 /5% CO 2 ) and was left undisturbed for at least 30 min. Before dye loading, the calcium concentration was adjusted to 1.5 mM (ACSF) and the slice was undisturbed for another 30 min.
At the end of the experiments, the slices were fixed in 4% paraformaldehyde. For anatomical verification of respiratory-related brainstem nuclei, we cut the slices into 50-μm sections using a freezing microtome (Reichert & Jung, Wetzlar, Germany). Later, the sections were stained with thionin (see Fig. 1 ).
Solutions
Unless mentioned otherwise, all chemicals were obtained from Sigma-Aldrich. Standard ACSF was composed of 128 mM NaCl, 3 mM KCl, 1.5 mM CaCl 2 , 1 mM MgSO 4 , 0.5 mM NaH 2 PO 4 , 21 mM NaHCO 3 , and 30 mM dextrose. The ACSF was constantly aerated with carbogen (95% O 2 /5% CO 2 ) to adjust the pH to 7.4. Fluo-3 AM (Mobitec) was dissolved as a 2-mM stock in dimethyl sulfoxide containing 10% pluronic acid. The dye stock was kept frozen. Bulk loading of slices (45 min at 30°C in 3 μM fluo-3 AM) was performed in a custom-built chamber (3 ml) with constant oxygenation. The slices (7) are detectable on the ventral side while the genu of the facial nerve (g7) and the noradrenergic A5 region (A5) are visible more dorsally. At this depth, the tip of the second electrode was placed to record RTN/ pFRG mass activity. d This section contains medullary and rostral pontine areas. On the ventral side, the facial motoneurones are present. Crucial dorsal landmarks for the neonatal (PB/KF) such as the principal nucleus of trigeminal tract (Pr5), the trigeminal motor nucleus (Mo5), the mesencephalic nucleus of the trigeminus (Me5), and the locus coeruleus (LC) were identifiable [57] . e In the most rostral section, the facial motoneurones fade and the lateral superior olive (LSO), the facial nerve (7n) and the A5 region become visible ventrally. Dorsally, the rostral pons including the (PB/KF) is still detectable. Abbreviations: 3V, 4V third and fourth ventricle; 12 hypoglossal nucleus; Aq aqueduct; Gi gigantocellular reticular nucleus; IC inferior colliculus; py pyramidal tract; SC superior colliculus; sp5 spinal trigeminal tract; Sp5i spinal trigeminal nucleus (interpolar part); Sp5o spinal trigeminal nucleus (oral part) rested on a nylon mesh to optimize the circulation and tissue penetration of the dye. One hundred millimolar mannitol was added to the staining solution to widen interstitial space and to improve dye penetration into the tissue [34] . Strychnine and bicuculline were kept as frozen stock solutions of 120 μM and 1 mM, respectively. The final solutions (strychnine 500 nM; bicuculline 20 μM in ACSF) were prepared freshly from the frozen stocks shortly before experiment.
Electrical recordings
Electrical mass activity was recorded extracellularly from the regions of the pre-BötC and RTN/pFRG with singlebarreled microelectrodes pulled from thin-walled borosilicate glass (diameter 1.5 mM, Modulohm, Denmark) using a horizontal puller (BMZ Universal Puller, Zeitz Instruments, München, Germany). The tips of the electrodes were broken to a final resistance of~1 MΩ and filled with ACSF. Field potentials were amplified by a custom-built amplifier, band-pass filtered (cutoff frequencies: high-pass 400 Hz, low-pass 1.7 kHz), and digitized at 10 kHz using a PowerLab/4SP interface and Chart 5 software (ADInstruments, Spechbach, Germany). The raw signals were rectified and integrated online (τ=200 ms). Further off-line analysis was performed using clampfit 9.2 (Molecular Devices, Union City, USA) and Excel (Microsoft Office 2003).
For recordings of the pre-BötC mass activity, the electrode was placed on the slice surface at an acute angle coming from the ventral side. Rhythmic activity was reliably found ventrally of the nucleus ambiguus, halfway between the ventralmost part of the spinal trigeminal tract and the midline of the slice (Fig. 1b) . The (RTN/pFRG) mass activity was recorded at a depth of 100-200 μm via an electrode inserted from the lateral side (Fig. 1c) . After placement of the electrodes, baseline activity was recorded for 5 to 10 min before any drug treatment or stimulation was performed.
Electrical stimulation
For electrical stimulation (S48, Grass, USA) experiments, Teflon-coated steel-wire electrodes (diameter=50 μm, AM-systems) were used. The electrodes were placed in the parabrachial/Kölliker-Fuse complex (PB/KF). Single stimuli or trains (0.1-2.0 Hz) of various strength (0.1-1.5 mA) and duration (0.1-0.2 ms) were applied. To avoid stimulation artefacts, a custom-built disconnector was used, blocking the input of the rectifier-integrator during stimulation.
Optical recordings
Optical recordings were performed with a computercontrolled fluorescence imaging system composed of a monochromatic xenon light source (Cairn Optoscan Monochromator, Cairn Research Ltd., Kent, UK) and a highly sensitive charge-coupled device camera (Retiga EXi Fast1394, QImaging, Burnaby, Canada) attached to an upright microscope (BX51, Olympus, Hamburg, Germany). A 20×, 0.95 NA water immersion objective (Olympus XLUMPlanFI) was used.
The dye-loaded slices were placed in a submersion-style chamber at 27°C (flow rate 5-6 ml/min). Fluo-3 was excited at 490 nm and fluorescence was recorded using a 515-nm beam-splitter and a 535/50 band-pass filter. Images were taken at a frame rate of 2 Hz and an exposure time of 50 ms. Two-by-two binning was applied.
Typically, a time series of 500 frames was taken 5 min after the electrodes were placed and stable rhythms were recorded. Ten minutes after the application of strychnine and bicuculline, two consecutive time series of 500 frames were recorded.
Off-line image processing
Off-line averaging markedly reduced noise levels. Thus, neurones could be visualized in deeper tissue layers and correlated with pre-BötC mass activity. All images of a given series (time-lapse recording) were corrected for photo bleaching by equalizing background intensity using the photo bleaching compensation algorithm included in the AndorIQ 6.03 image analysis software (Andor Bioimaging, Nottingham, UK) or a Matlab (Matlab 7.1, Mathworks, USA) algorithm developed by us. To enhance changes in pixel brightness and image contrast, the minimum intensity projection of a given image series (i.e., the image composed of the lowest pixel intensities obtained over a whole timelapse recording) was subtracted from each single image. The optically recorded neuronal activity was averaged over several consecutive respiratory bursts. As onset of a respiratory burst, we defined a threshold of 50% of the burst amplitude (rectified, integrated mass activity). Based on this threshold, nine consecutive images were identified: the image taken at the pre-BötC burst threshold as well as the four preceding and the four following frames. The corresponding images of these nine picture sequences (i.e., the images taken at the same relative time during each preBötC burst) were averaged over 20-40 consecutive pre-BötC bursts [34] .
For better illustration of optically recorded cell activities, the picture sequences were color coded with respect to the maximum-minimum of each pixel and its time of occur-rence in the sequence using a Matlab algorithm (Matlab 7.1, Mathworks, USA) developed by us. Inspiratory-like activity is displayed in red, expiratory-like in blue. To abolish optical noise, only changes in pixel brightness that exceeded twice the standard deviation of the baseline activity were used.
Statistics
All numerical values are represented as mean±standard deviation. Significance of the observed changes was tested using the Student's t-test (paired, two tailed). In case of multiple tests, the Bonferroni correction was applied. Signif- Fig. 2 Dual recording of rhythmic mass activities from the preBötC and RTN/pFRG before and after blockade of inhibitory neurotransmission. a Sample recording of the rectified and integrated mass activity arising from the pre-BötC (upper trace) and RTN/pFRG (lower trace). To illustrate that the RTN/pFRG rhythm preceded that of the preBötC, the preinspiratory activity is highlighted in grey. b After application of 500 nM strychnine and 20 μM bicuculline, the rhythms of the pre-BötC and RTN/pFRG became synchronized. The vertical lines mark the onset of both bursts. Please note the increased burst frequency after blockade of inhibitory neurotransmission and the increased amplitude of the rectified and integrated mass activity of the pre-BötC. c shows the synchronization of the pre-BötC and RTN/pFRG rhythm. The error bars represent the standard deviation. Note that before strychnine-bicuculline application the rising slopes of the rectified and integrated signals of the two rhythms differed significantly, indicating an earlier onset of the RTN/pFRG rhythm compared to that of the pre-BötC. After blockade of inhibitory neurotransmission, the two rhythms became synchronized due to a broadening of pre-BötC bursts. 
Results
Anatomical description of the rostrally tilted transversal slice preparation
To verify the anatomical location of respiratory-related nuclei in the tilted slice preparation (cutting angle=47°, 700 μm thick), we cut 50-μm sections using a freezing microtome (n=5). Representative thionin-stained sections are illustrated in Fig. 1 . For better orientation, please compare the thionin-stained sections (Fig. 1b-e) with their proposed location illustrated in the schematic drawing of a sagittal section through the pontomedullary brainstem (Fig. 1a) . The first and the last two sections of the slice were not usable due to tissue damage. In the most caudal intact section, crucial landmarks for the pre-BötC in the ventral part of the slice preparation were the inferior olive (IO), the nucleus ambiguus (Amb), and the interpolar (ventral) and oral (dorsal) part of the spinal trigeminal nucleus (Sp5i). Due to the 47°cutting angle, the nucleus ambiguus was visible at two different locations that represent the caudal (lateral) and more rostral (medial) aspects of this nucleus (see Fig. 1b) . The nucleus ambiguus, together with the IO, allowed for the identification of the pre-BötC where the primary in vitro respiratory-like rhythm was recorded (see location of the recording electrode in the schematic drawing in Fig. 1b) . In the next section, 100 μm more rostral, the first caudalmost facial motoneurones could be identified (Fig. 1c) . The schematic drawing of the recording electrode illustrates where we recorded rhythms of the RTN/pFRG. Please note that due to the cutting angle the facial motoneurones appear to be located slightly more dorsally and medially compared to conventional transversal slices (Fig. 1c) . The next section, 100 μm more rostral, already includes large pontine aspects of the respiratory network (Fig. 1d) . This is illustrated by the presence of the inferior and superior colliculi which were easily identifiable. Furthermore, in these sections, the locus coeruleus (LC), the mesencephalic trigeminal neurones (Me5), and trigeminal motoneurones (Mo5) are visible and thus allow for the identification of the region of the PB/KF. The ventral parts of this section still include facial motoneurones. The last illustrated section (Fig. 1e ) and most rostral sections are similar to the previous but LC, Mo5, and facial motoneurones begin to fade.
Recording of dual rhythms arising from the regions of the pre-BötC and RTN-pFRG
Simultaneous recordings of pre-BötC and RTN-pFRG mass activities (n=8 slices) showed that their rising slopes differ significantly (see Fig. 2a ) and that the RTN-pFRG burst onset preceded that of the pre-BötC in a time window of 350 ms (Fig. 2c) .
Additionally, we recorded rhythmic mass activity from the region of the PB-KF. Rhythmic activity recorded from this region ranged from three bursts per minute to 20 bursts per minute. The bursts showed a decrementing pattern with highly variable length but showed no correlation with the pre-BötC rhythm. To further characterize a potential function of the KF in vitro, we electrically stimulated this region. In 3 out of 11 experiments, single pulse stimulation or stimulus trains which were applied in a time window of 100-500 ms before the expected pre-BötC burst suppressed a pre-BötC burst (data not shown). However, the majority of experiments did not show significant changes in preBötC rhythm. Therefore, we conclude that potential KFevoked resetting properties concerning the pre-BötC rhythm cannot be reliably studied in this slice preparation.
Synchronization of the dual rhythms following blockade of inhibitory neurotransmission
The effect of bath-applied strychnine (500 nM) and bicuculline (20 μM) on the activity of the oscillators located in the pre-BötC and RTN/pFRG was investigated in the present study and blockade of inhibitory neurotransmission revealed profound changes. The preburst component of the RTN-pFRG rhythm disappeared (n=5 slices, Fig. 2c ) due to a significant broadening of the pre-BötC bursts and the rising slopes of the pre-BötC and RTN/pFRG bursts synchronized (compare Fig. 2a with Fig. 2b ). On average, the pre-BötC burst duration increased by 75± 30 ms (n=5, p<0.05). Beside the synchronization of preBötC and RTN/pFRG rhythm, blockade of inhibitory neurotransmission caused a simultaneous increase in preBötC and RTN/pFRG burst frequency (n=19). Initially, the mean frequency increased from 5.2±1.3 to 7.0±2.7 bursts per minute (+35%, n=19, p<0.01, Fig. 2d ). Ten minutes after application, the mean frequency stabilized at 6.3±1.9 bursts per minute, still reflecting a significantly increased burst frequency compared to the baseline (+12%, n=19, p< 0.01, Fig. 2d ). The mean amplitude of the integrated preBötC mass activity increased to 130±24% of the control amplitude (n=19, p<0.01, Fig. 2e ), stabilizing 15 min after strychnine-bicuculline application. The mean amplitude of the integrated RTN/pFRG mass activity was unaffected (n=8, data not shown).
Reconfiguration of imaged cellular activity patterns following blockade of inhibitory neurotransmission
To identify changes in cellular activity underlying a potential reconfiguration of the respiratory-related rhythmic mass activity and its generation, we imaged population activity from the pre-BötC region. The analysis of changes in intracellular Ca 2+ concentration ([Ca 2+ ] i ) in relation to the recorded rhythmic pre-BötC mass activity in a total of n=208 imaged neurones allowed for the identification of three basic respiratory-related cell types. The vast majority of imaged neurones showed a rise in [Ca 2+ ] i during the preBötC burst (n=159, 76.4%) and were classified as inspiratory-like neurones (Fig. 3a) . Neurones which showed a decrease in [Ca 2+ ] i during the pre-BötC burst were classified as expiratory-like neurones (n=30, 14.4%, Fig. 3b ). Finally, we found a small fraction of neurones which showed their peak rise in [Ca 2+ ] i one imaged frame before the pre-BötC burst occurred (n=19, 9.2%). These neurones were classified as preinspiratory-like neurones (Fig. 3c) .
According to the specific [Ca 2+ ] i fluctuations, different reconfigurations of cellular activities were observed after blockade of GABAergic and glycinergic neurotransmission. Recruitment of inspiratory-like neurones which were not active during the control recordings was found (n=10, neurone 2 in Fig. 4a ). Inspiratory neurones which were already active during control showed a net increase in their [Ca 2+ ] i rise (see neurone 1 in Fig. 4a ). Both observed effects on inspiratory neurones contribute to the significant increase in burst amplitude of the rectified and integrated preBötC mass activity (see Fig. 2e ). Furthermore, expiratory Fig. 4 Ca 2+ imaging revealed reconfigurations of cellular activity after blockade of inhibitory neurotransmission. a Inspiratory-like neurones that were not active during control recordings were recruited. This is illustrated by Ca 2+ imaging of two neurones (arrowhead 1 and 2). During control activity, neurone 2 was not correlated with the pre-BötC burst (grey shadings in the diagrams in a and b). After blockade of inhibitory neurotransmission by application of strychnine-bicuculline, the neurone became rhythmically active. The illustrated representative recordings were averaged over 28 consecutive bursts. Beside the recruitment, an increased Ca 2+ rise in inspiratory neurones became obvious (compare the diagrams on the right side). b Expiratory-like neurones lost their pre-BötC mass activity correlated rhythmic inhibition after strychninebicuculline application (compare the diagrams on the right side). The displayed recordings are averaged over 22 consecutive pre-BötC bursts neurones lost their pre-BötC-associated decrease in [Ca 2+ ] i (n=7, Fig. 4b ). The sampling rate of our imaging approach allows only for the detection of preinspiratory activity that occurred at least 500 ms before the inspiratory burst. Nevertheless, we occasionally observed neurones with this bursting behavior basically maintaining their activity pattern after strychnine and bicuculline application (n=3, data not shown), although their peak rise in [Ca 2+ ] i was in the early phases of the pre-BötC burst. The impression of a potential shift of their peak rise in [Ca 2+ ] i is misleading and actually caused by the significant broadening of the pre-BötC burst duration (see Fig. 2c ).
We did not succeed to optically measure respiratoryrelated activity in the RTN/pFRG region. The neurones of interest in this area were located in deeper layers of the slice (see Fig. 1 ) and because the penetration depth of the used Ca 2+ dye is limited to the upper 60 μm of the tissue [34] they were most likely not stained. Thus, cellular activities from the RTN/pFRG were not imaged due to technical limitations.
Discussion
Technical considerations
The histological analysis of the rostrally tilted transversal slice preparation derived from neonatal rats, illustrates that the pre-BötC of the rostral ventrolateral medulla oblongata and the RTN/pFRG of the pontomedullary junction were preserved. Direct connections between these two rhythmogenic kernels remained functional due to their close proximity in the 700-μm-thick slice. The existence of two rhythms that synchronize after blockade of inhibitory neurotransmission further proves the integrity of the connectivity between the RTN/pFRG and pre-BötC. Nevertheless, it should be mentioned that indirect connections might be eliminated by the slicing procedure. A recent study [35] showed that acidosis influences the coupling states between the pre-BötC and the RTN/pFRG in the en bloc brainstem-spinal cord preparation of neonatal rats. Especially metabolic acidosis synchronized the peak activity of the RTN/pFRG to the inspiratory phase. Acidosis or hypoxia cause cessation of inhibitory neurotransmission [36] [37] [38] [39] [40] and, thus, mimics the effects that we observed after pharmacological blockade of inhibitory neurotransmission. The similarity of the results from the en bloc preparation and our rostrally tilted slice preparation provides further evidence that a functional connectivity between pre-BötC and RTN/pFRG was preserved in our study.
In addition to these two areas of the respiratory network the tilted transversal slice preparation contains parts of the pontine respiratory network, such as the A5 and the PB/KF region. Rhythmic bursting in the PB/KF region did, however, not correlate with the pre-BötC activity and thus was most likely not respiratory related. Nevertheless, phasic respiratory activity in the KF region was recorded in the en bloc spinal cord preparation [41] and transection of the dorsolateral pons triggered substantial changes in the respiratory pattern of neonatal rats [42, 43] . Although the KF also shows clear signs of immaturity [44] during the early neonatal stages, the most plausible explanation for the lack of functionality of the KF in the tilted transversal slice preparation is that the fiber tracts which connect the KF with the RTN/pFRG and/or pre-BötC were not preserved. This assumption is further supported by our findings that electrical stimulation of the PB/KF region failed to provoke a phase reset in the vast majority of experiments. The pontine A5 region may provide tonic inhibitory drive to the RTN/pFRG and/or pre-BötC regions as it was described in the neonatal en bloc brainstem-spinal cord preparation [32] . This tonic drive could have contributed to the significantly lower burst frequency of the tilted transversal slice preparation (~5 bursts per minute) compared to previously published data on burst frequencies of the rhythmic pre-BötC slice preparation (~8 bursts per minute) under similar experimental conditions (e.g., 8 mM extracellular [K + ], 27°C). It is in full accordance with data from the en bloc brainstem-spinal cord preparations that the mass activity recorded from the RTN/pFRG had a preinspiratory component which was not observed in the pre-BötC rhythm [27] . Preinspiratory neurones also displaying postinspiratory activity [45] were not observed. This can be explained by different experimental conditions (slice versus en bloc preparation), methodological aspects (mass activity recording versus imaging with a voltage-sensitive dye or intracellular recording) and age of the animals used. Nevertheless, the in vitro activities of the tilted transversal slice preparation introduced in this study may largely correspond to activity patterns recorded in the en bloc brainstem-spinal cord preparation. Finally, the imaging data demonstrate the presence of inspiratory-like, expiratory-like, and preinspiratory-like neurones in the slice as they were described in the en bloc preparation [32] . Only the expiratory activity in the en bloc preparation clearly shows more complexity [32, 46, 47] , which is most likely due to the more conserved connectivity to the pontine respiratory circuits.
Configuration and reconfiguration of the in vitro network activity in the tilted transversal slice Recent studies showed that the integrity of the pontomedullary respiratory network is required to generate the eupnoeic three-phasic motor pattern (inspiration, postinspiration, late expiration) of breathing [15, 23, 24] . Neverthe-less, specific compartments, which particularly include the pre-BötC, maintain their rhythmic activity in vitro [26] , and such rhythmic slice preparations were extensively used to study cellular mechanisms of the primary respiratory-like rhythm generation. Previous studies showed that synaptic inhibition is functional in slices, but its contribution to the generation of the neonatal respiratory-related rhythm was considered to be marginal [21, 48, 49] . In that regard, our data are in full accordance with these previous studies because the in vitro rhythm never stopped after blockade of inhibitory neurotransmission. However, mass activities recorded from the pre-BötC and RTN-pFRG including optically recorded cellular population activities revealed that oscillatory mechanisms based on synaptic inhibition were partially preserved in the in vitro tilted transversal slice preparation.
The main findings of our study are in full accordance with previous reports that showed reconfigurations of in vitro network activity after blockade of inhibitory neurotransmission [36] , including the loss of phasic inhibition in expiratory-like neurones [49] and recruitment of additional inspiratory-like pacemaker neurones [50] . In summary, the present data set supports the hypothesis that excitatory and inhibitory coupling between RTN/pFRG and pre-BötC [16, 30] is an essential mechanism for respiratory rhythm generation. Although it is discussed controversially [17] [18] [19] , the present data strengthen the hypothesis of Onimaru and Homma that the RTN/pFRG serves as the master generator of the in vitro respiratory-like rhythm because the pre-BötC activity is synchronized to that of the RTN-pFRG after blockade of synaptic inhibition, as it is implicated by the broadening of the pre-BötC burst. The RTN/pFRG has an important role for central chemoreception [51] [52] [53] . Thus, excitatory drive to the RTN/pFRG would fit to a chemoreceptor-induced increase of the inspiratory rate. Finally, recently published data from the perfused brainstem preparation of juvenile rats suggest that the interaction between the neuronal population of the RTN/pFRG and pre-BötC relate to the inspiratory ramp pattern generator [3, 15, 23, 24, 54, 55] . This is also supported by the presence of excitatory drive from the preinspiratory-like to the inspiratory-like neuron populations of the pre-BötC, because the excitatory coupling of preinspiratory neurones to augmenting inspiratory neurones is indeed a hallmark for the initiation of the inspiratory ramp in hypothetical models of respiratory rhythm generation [3, 23, 24, [54] [55] [56] .
